Abstract-This paper presents an approach to the thermal design of an ac machine where the application requires low-duty transient operation. To provide accurate temperature predictions, the design process has been informed with experimental data from tests on a stator-winding sector (motorette). These have been shown to be a time and cost-effective means of calibrating the thermal model of a full machine assembly, prior to manufacture of the final design. Such an approach is usually adopted in design analysis of machines with a concentrated winding topology. Here, the motorette testing has been extended to a machine with a distributed winding. Several alternate slot liner and impregnating materials have been evaluated to maximize the heat transfer from the winding body into the machine periphery, and a total of nine stator section samples have been manufactured and tested. The performance tradeoffs between the various combinations are discussed in detail alongside their ability to satisfy the design requirements. Based upon these experimental results, the most promising designs have been selected for transient duty analysis against the design specification. A lumped parameter thermal model has been used for this purpose and calibrated using the data from the subassembly testing. Experimental results on the full machine assembly are presented, showing good correlation with the motorette calibrated thermal model. Index Terms-AC machines, lumped parameter thermal model, motorette assembly, permanent magnet machines, short-duty transient operation, thermal design.
I. INTRODUCTION

W
ITH THE drive to produce more power dense and efficient electrical machines, accurate thermal modeling is becoming an increasingly important aspect of the design process. The ability to predict thermal behavior in simulation is highly desirable; in order to reduce the overall design cycle by producing an optimized machine with the first prototype iteration.
Lumped parameter thermal models are commonly used approach to analyze and predict electrical machine thermal behav-ior [1] - [8] , particularly when considering a transient duty [9] , [10] . This is predominantly because of the fast computation time of lumped parameter circuits, which is necessary when evaluating performance over extended duty cycles. However, critical parameters of these thermal models are difficult to predict without experimental calibration, for example, the stator-to-slot liner interface, stator to housing interface, convection coefficient of the housing, and impregnation "goodness" inside the slot [11] - [15] . These data can be sourced from experience with similar machines or previous iterations of the design. This approach is not applicable to the design of a new or unfamiliar machine topology where there is absence of prior thermal data. However, the manufacture of a prototype full stator assembly, for the purpose of calibrating the thermal analysis, can be costly and time consuming.
The approach adopted here is to obtain the required thermal calibration from tests on stator subassemblies, referred to as "motorettes" [16] - [21] . A motorette is a representative subassembly of the stator and winding, manufactured using materials and processes commonly used in construction of the final electrical machine prototype. The thermal behavior of the complete winding and stator periphery can be extrapolated from the motorette sample measurements. The motorette subassemblies are less costly and easier to prototype, allowing multiple batches to be produced and compared. This provides the opportunity to trial combinations of alternative materials to be used in the construction and assembly of the winding. As has been reported in the literature, the influence of the impregnation compound [22] and slot liner [23] has a significant impact on the thermal behavior of a machine.
In this paper, the approach is demonstrated in the design of an electrical machine for an electromechanical actuation application. The specification requires a low speed, high torque, and low-duty transient operation. The two most important design objectives are torque density and compatibility with a zero-speed injection-based sensorless position control. The sensorless position control criteria dictates a distributed winding, whereas the high torque density requires a high electrical loading and a large aspect ratio (stator outer diameter to machine active length), resulting in a proportionally large end winding region compared to the active length. The nature of the low speed, high torque application means that the losses in the machine are dominated by those from the winding. Further the total enclosed nature of the design results in the winding being cooled via the slot and this thermal interface is a critical factor. The optimization 0093-9994 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. methodology used to generate the machine design is published in [24] , [25] , and initial motorette investigation in [26] .
Motorette subassembly testing suits a single layer concentrated windings, since a coil wound around a single tooth is a direct replication of the winding. A full replication of a distributed winding as a stator segment is more challenging. Careful consideration must be given as to how to construct the motorette so that it represents the volume and lay of winding conductors found in the complete machine as close as possible. As part of the design study presented in this paper, a thermal investigation into alternative slot insulation systems has been undertaken. A total of nine motorettes have been produced to the same geometry. Three different impregnation materials have been compared, including a solvent-based varnish, a nonsolvent-based varnish, and an epoxy resin potting compound. Also compared are three different types of slot liner, producing nine different combinations of impregnation material and slot liner type. The different viscosities of varnishes and potting compounds affect the degree of penetration of the impregnation material within the slot liner [23] , and are difficult to predict the resultant thermal properties without experimental data. The insight gained from this study has been used to downselect the insulation system for the final machine prototype. The measured data from tests on the complete machine prototype show good correlation with the prediction. This paper has been organized in the following manner. Details of the machine specification and selected machine topology are presented in Section II. The motorette design and manufacture are presented in Section III. The motorette experimental setup is discussed in Section IV, with results shown in Section V. Section VI details the thermal model calibration process and thermal predictions for the complete machine assembly. Section VII introduces the manufactured prototype and experimental results on it. Finally, conclusions are presented in part Section VIII.
II. MACHINE TOPOLOGY AND SPECIFICATION
The design considered in this paper is based on a high pole number "V-shape" interior permanent magnet (V-IPM) topology. The winding is distributed across multiple parallel sided slots and cooled externally by natural convection. The requirements for the operating envelope are shown in Table I .
The principal parameters describing the machine topology and geometry of the design are given in Table II . Active materials include round aluminum conductors, 42 MGOe NdFeB permanent magnets, and 0.2-mm laminated silicon iron. Due to the low-duty transient operation, a high electrical loading can be used, in order to minimize the weight of the machine. For the same reason, a large aspect ratio (stator bore to the machine active length) and peak air gap flux density have been used to meet the maximum torque demand. Based upon the low speed requirements of the machine and the choice of the number of poles, the resulting electrical frequency is relatively low. Because of this, the majority of losses generated in the machine is attributed to the winding region. Therefore, the choice of conductor, impregnation material, and slot liner will have a large impact on the overall thermal performance of the machine. Furthermore, the ac losses in the winding can be assumed to be negligible, due to the low operating electrical frequency, the relatively small conductor size, and absence of parallel paths. This means that the best course of action to minimize conductor losses is to increase the slot fill factor. A winding arrangement utilizing a single large round diameter of aluminum wire was used, achieving a slot fill factor of 47%. Details of this are presented in Table III and Fig. 1 . It was found that the use of aluminum wire offered a significant weight benefit in this application.
III. MOTORETTE HARDWARE
A. Winding Insulation System
The impregnation materials selected for this investigation are shown in Tables IV and V. An epoxy potting compound is chosen for its superior thermal conductivity, superior impregnation goodness within the slot, and full encapsulation of the endwinding region, allowing for better heat extraction. While this type of potting material is expected to perform the best, it introduces a more complex impregnation process to the machine manufacture. To balance these, two different types of varnish impregnation compounds have been included also. The solventbased varnish is representative of a high temperature system. The nonsolvent varnish is a newer impregnation type and offers improved impregnation fill and shorter curing time compared to solvent-based systems. Estimations of the varnish impregnation material thermal properties are used [27] , as this information is not specified in the manufacturer material datasheets. The selection of three different slot liners was also considered in this study. They are all different classes of slot liner material and as such have varying material properties. The polyether ether ketone (PEEK) film is a newly available material that offers superior thermal conductivity and dielectric breakdown, showing good potential as a slot liner material. Due to the relatively small slot size of the machine, it was desirable to use a thin slot liner material to maximize the slot fill factor. In the initial winding experiments, it was found that a 0.18-mm-thick liner offered a balance between liner reduction and mechanical rigidity. A 0.18 mm thickness was not available for the PEEK material and such the closest thickness to this was chosen instead (0.15 mm).
B. Motorette Construction
It is not possible to completely replicate the distributed winding configuration in a single tooth motorette. This is because the winding throw is greater than one slot. However, for a dc motorette thermal test, the volume of conductor present and associated equivalent power loss are the important component. This means an alternative winding configuration to that of the final machine assembly can be used, as long as the power loss contribution is equivalent.
Motorettes with four slots were constructed for the experiments. This was decided as a compromise between minimizing the size of the motorette assembly while ensuring that an end-winding arrangement representative of the final machine assembly could be achieved. A winding pattern using a single phase was derived for simplicity. Fig. 2 shows a comparison between a motorette and a rapid prototyped stator section of the same shape. The rapid-prototyped stator section has 18 slots and the central slots of it are wound with three phases in the correct winding pattern required for the complete machine. The motorettes were wound with end-winding lengths that approximate those expected in the complete machine wound stator assembly.
Nine motorette samples were constructed; three for each impregnation type, each with one of the three slot liners. The winding coil and stator were instrumented with a number of type-K thermocouples located at strategic locations. These include the center of the slot, end-winding region, center of the stator tooth, center of the stator yoke, cold-plate, and ambient temperature in the insulated chamber. Two thermocouples were used for each location to introduce a level of redundancy, and also to improve the temperature measurement accuracy by taking an average of the temperature data. Small holes were drilled for the tooth and yoke thermocouples on either side of the motorette. A high temperature superglue was used to secure the thermocouples in place where necessary (see Fig. 3 ). Once the motorettes were wound and instrumented with thermocouples, they were impregnated with the selected insulation compounds as per the manufacturer instructions. The epoxy resin compound necessitated a mould to allow the end winding region to be fully encapsulated. The varnish-based compounds were dipped and baked to cure. A vacuum chamber was used for all motorettes to help remove pockets of air within the sample. Fig. 4 shows all nine motorette samples.
IV. EXPERIMENTAL SETUP AND TESTING PROCEDURE
The experimental setup comprised a thermally insulated chamber, liquid-cooled temperature-controlled cold plate, data acquisition system, and dc power supply (see Fig. 5 ). To promote a good contact between the motorette and the flat cold plate, an interface plate is used which has one surface machined to the outer stator profile. The interface plate is bolted to the water-cooled cold plate and thermal paste is applied to promote a good interface contact. Similarly, thermal paste is applied between the varnish impregnated motorette samples and the interface plate. In addition, some external pressure (not shown in Fig. 5 ) is applied to the top of the varnish impregnated samples to help ensure a good contact between the motorette sample and interface plate. The epoxy impregnated samples however are potted to individual interface plates, and so this additional pressure is not required.
The experiment is set such that the convective heat transfer from the motorette surface not in contact with the cold plate is negligible [16] - [21] . Due to the use of the thermally insulated chamber, the water cooled cold plate is the primary means of heat extraction from the sample.
The test profile was controlled using a National Instruments CompactRIO field programmable gate array (FPGA) interfaced to the dc power supply. This allowed a predetermined duty cycle and accurate timing of the transitions to be programmed.
A consideration when using aluminum conductors is the forming of a good electrical connection as the metal is prone to oxidation when exposed to the environment. A soldering iron with an ultrasonic vibration attachment was successfully employed to remove oxidation build up while tinning the wire.
V. MOTORETTE RESULTS
A. Thermal Steady State
Initially each motorette sample was tested to thermal steady state over a range of dc current/loss values. By monitoring the temperature change for the end-winding region, thermal equilibrium was deemed to be met when the temperature change was less than 1°C over a 10 min period. The current and temperature data for each thermocouple were recorded every 10 s, and the voltage drop across the motorette sampled at steady-state conditions.
The steady-state experimental data provide an insight into the power loss handling abilities of the various stator winding sample variants. By evaluating the slot center temperature rise above the stator back iron, the heat transfer capability of the slot region can be deduced. This information for all nine motorette samples has been plotted in Fig. 6 . To aid with comparison, Fig. 7 demonstrates the winding loss required to produce a temperature difference of 50°C between the slot center (winding) and back iron. As would be expected, the epoxy potted motorettes performed better than the varnish potted samples and is a consequence of the higher thermal conductivity of the impregnation material. With the epoxy impregnation, an approximately 20% variation in capability exists across the three slot liner materials with PEEK giving the best results, which reflects the differences in the slot liner thermal conductivities. The varnish impregnations however do not follow this trend, where the best performance is obtained with ThermaVolt and the nonsolvent varnish system, although the differences between the use of solvent and nonsolvent varnishes are not substantial. The ability of the slot liner to absorb the impregnation material improves heat extraction in the slot when combined with varnish-based potting compounds. These data suggest that the PEEK plastic has poor porous properties.
B. Thermal Transient Duty Tests
Based upon the experimental results gathered from the steadystate thermal tests, two of the most promising configurations were selected for further investigation: nonsolvent varnish and ThermaVolt, and epoxy and ThermaVolt. These two motorette samples were tested against the transient duty detailed in Table VI . This is an approximation to the duty seen in the application, but with an extended high output period "A" to ensure the winding reached a temperature close to, but not exceeding, its rated insulation class. This was necessary due to the improved water-based cooling employed in the motorette experiments.
VI. THERMAL MODEL CALIBRATION FOR TRANSIENT DUTY ANALYSIS
A. Motorette Thermal Model
The results shown in Figs. 6 and 7 give an initial indication of the thermal conductivity within the slot for the motorette variants. However, it is not certain from these data how a full machine assembly would perform, as the cooling, thermal mass, and contact between stator and housing will all differ for an actual machine, compared to that of the motorette experimental setup. In order to predict the thermal performance of the full machine assembly, a thermal model of the machine should be developed and then calibrated.
A lumped parameter thermal model based on the geometry of the machine, and the properties of the materials defined is used [27] , (see Fig. 8 ). The slot and end-winding regions use a cuboidal element approach, where the winding and impregnation compound are combined into a single component with separate thermal conductivities in three dimensions [28] . The slot region uses two cuboidal elements for the upper/lower parts, Fig. 1 , covering the full active length of the machine, i.e., one axial slice. The end-winding region uses a similar arrangement, with upper and lower regions for the front and rear end-winding, totaling four cuboidal elements. The stator tooth is comprised of three temperature nodes: 1) tooth tip; 2) center; and 3) end, with one thermal resistance between them. One temperature node is used for the stator yoke. The housing is composed of three temperature nodes for the active length, front, and rear. The thermal contact resistance between slot liner to stator and stator to housing is modeled as an effective airgap.
Although the rotor and shaft structure are present in the thermal model used, the stator and housing components are isolated to emulate the motorette test setup. This is done by introducing a large scaling factor to all thermal resistances connecting the stator and rotor. The housing and ambient temperatures are then set to the values recorded from the experimental data to mimic the setup.
Winding losses within the model are calculated based upon the input current and the phase resistance of the winding. The resistance in turn is calculated based upon the specified material parameters, conductor diameter, and estimated phase length. Loss scaling with temperature is included.
B. Steady-State Calibration
A particle swarm optimization routine [29] and fitness function were developed to calibrate the thermal model for the two chosen motorette variants: 1) nonsolvent varnish; and 2) ThermaVolt, and epoxy and ThermaVolt. The fitness for each iteration of the calibration process is gauged by how close the model temperature prediction is to that of the motorette steady-state data (1), where T m tk is the recorded temperature data for one of the four regions: 1) slot center; 2) end-winding; 3) stator tooth or stator back iron; and 4) T m dk is the thermal model prediction for the same region. The fitness is determined as in (2), where a value of one represents a perfect match. Equal weighting is given to the four temperature relative errors E k
The eight inputs to the calibration are as follows: 1) radial S r , tangential S t , and axial S a thermal conductivity of the slot cuboids; 2) radial EW r , tangential EW t , and axial EW a thermal conductivity of the end-winding cuboids; 3) slot liner to stator effective air gap G ss ; 4) stator to housing effective air gap G sh . To aid this process and prevent unrealistic calibration solutions, material test data from [30] are used as a guide. The calibration was carried out using the experimental data from the highest value of current each motorette could handle. Comparisons to the other operating points were then made after the calibration, to gauge the overall effectiveness of the model.
It was important to verify that the estimated losses in the thermal model were close to those recorded from the motorette experiment data. This was done for each recorded steady-state point, using the average winding temperature. An underprediction was initially observed, attributed to the estimation for the end-winding length, given that this is the only unknown quantity in calculating the winding phase resistance. A scaling factor of 1.48 was introduced to the model and kept constant throughout the calibration process and full machine assembly prediction.
C. Transient Duty Calibration
Once a good agreement to the steady-state data had been achieved, a comparison was then made to the transient thermal experiments. A significant difference between the calibrated model and motorette was initially observed. A sensitivity analysis on the model indicated that the value of thermal capacitance assumed for the impregnation materials was the cause of the discrepancy. The quantity and density of insulating material are determined by the impregnation "goodness" of the impregnation process. Although it is common to scale the thermal resistance based upon this factor, the thermal capacitance will also be affected, as the actual quantity of impregnation material present in the slot is unknown. Another factor is the lack of accurate material thermal properties, particularly for varnish-based impregnation compounds. It is not common for the specific heat capacity or density to be included, as such the properties shown in Table V , which are an estimate. To calibrate the thermal model to the transient duty, the specific heat capacity of the impregnation compounds was adjusted. Fig. 9 demonstrates a comparison between the transient thermal data recorded from the motorettes, and their corresponding calibrated thermal models for the nonsolvent varnish and ThermaVolt motorette. To ease the comparison, only the temperatures for the end-winding and yoke regions are shown. It can be seen that a good agreement between the model and motorette data is observed. This process is repeated for the epoxy and ThermaVolt combination, with the calibrated thermal properties displayed for both types shown in Table VII .
The calibrated parameters from Table VII however do not appear to be a physical representation of the system, for example, the lower radial S r and tangential S t , thermal conductivity for the epoxy slot cuboidal element compared to the varnish. This is very unlikely given in Figs. 6 and 7. In addition, the significant difference in the axial thermal conductivity S a between the two samples. Like most optimization problems, there are multiple good solutions, with the parameters presented in Table VII being just one possible set of these. The motorette experimental data are therefore only useful for predicting the performance of a complete machine, built to the same geometry and using the same active materials as the motorette samples.
It is worth noting the difference in magnitude of the stator to housing effective airgap G sh in Table VII . A very low contact resistance was achieved for the epoxy-based motorette, likely attributed to the motorette being impregnated to its interface plate, and epoxy resin seeping in and filling the voids in this interface region.
D. Full Machine Assembly Prediction
A prediction of the performance of a full machine assembly with either insulation combination can be made using these calibrated models. The same slot and winding topology are combined with a V-IPM interior permanent magnet rotor, and a radially finned housing for cooling via natural convection. A prediction for the stator to housing thermal interface is made, based upon [31] , where an "average" interface gap of 30 µm is used. In addition, the convection coefficient is calculated based on analytical equations [32] , based on the geometry of the housing and fins. Fig. 10 shows the thermal predictions of the end-winding temperature when subjected to the transient duty cycle. The duty cycle used is similar to that detailed in Table VI , except with 5 s of high output period "A," and 55 s of low output period "B." A maximum difference of 50°C is observed by the end of the transient duty between the two impregnation materials types. However, both combinations fall within the maximum insulation class temperature of the winding, and would be sufficient. Based upon the thermal prediction shown in Fig. 10 , the nonsolvent varnish and ThermaVolt insulation combination were selected for the final machine prototype. A consideration in this selection was the simpler manufacturing process involved with varnish-type impregnation. Another less documented factor is the effect of rapid thermal cycling on the impregnation compound, with epoxy potting systems being potentially more vulnerable to thermal expansion, the formation of cracks, and deterioration of the insulation system.
VII. MACHINE PROTOTYPE THERMAL ANALYSIS
The prototype machine was manufactured with the same slot and winding geometry, ThermaVolt slot liner and same brand of nonsolvent varnish impregnation compound as the motorette variant. To replicate the same impregnation process as the motorette, the winding was completely submerged in the nonsolvent varnish, and placed in a vacuum chamber to vacate the pockets of air within the slot. Fig. 11 demonstrates this process, with Fig. 12 showing the winding postcuring. Thermocouples were located in multiple slots, stator teeth and various points on the stator back iron and end-winding region, in both the drive and nondrive ends of the machine. The end-winding length achieved for the real machine was close to that observed in the initial winding trials shown in Fig. 2 .
Due to the low speed operation of the machine, the loss is dominated by winding ohmic effects with iron loss and stray ac effects small in comparison. For example, the recorded average open-circuit losses at 500 r/min were 18 W, whereas the maximum winding losses are around 5 kW. Consequently, the thermal characterization of the whole machine was carried out using the same dc power supply, and FPGA kit as described in Section IV.
The thermal testing on the full prototype stator was initially carried without the inclusion of the rotor and shaft, or mounting arrangement. This was done so as to remove the additional thermal mass associated with these components, in order to simplify the lumped parameter thermal model. Further thermal tests with these components included were also conducted. Fig. 13 shows Fig. 13 . Stator, housing, winding, and end cap assembly placed in a thermal chamber for dc testing. the initial test setup. Slot liner was placed over each end-cap hole, where the rotor shaft would be located, to minimize any through-draft which may occur due to the absence of the rotor. The testing was carried out with the machine located inside a thermal chamber to maintain a consistent 25°C ambient temperature. Both steady state and transient thermal analysis were carried out, with the temperatures in the slot, end-winding, stator tooth, stator back iron, housing, end-caps recorded alongside the winding power loss. The three phases were connected in series with the dc power supply to ensure balanced losses throughout the machine windings.
Fig. 14 compares the thermal prediction made in Fig. 10 , with the test data from the full machine assembly, when subjected to the same transient duty. For the purposes of comparison, an early simulation is also included which uses the slot and winding thermal parameters, calculated based on the known material properties presented in Tables IV and V. In addition, the end-winding scaling factor, introduced after the motorette calibration, is reset to a value of one. A 68°C difference in endwinding temperature is observed between the initial thermal model simulations and the test data, whereas the prediction made from the motorette calibrated model is much closer with a maximum 12°C difference at the test end.
Part of this difference can be attributed to the estimation of the winding losses. The experimentally measured and estimated total winding losses between the two thermal models, and the full machine assembly, are compared in Table VIII . This is for a thermal steady-state test at 15 A rm s . As discussed in Section VI-C, an end-winding scaling factor of 1.48 was applied to the motorette calibrated model. It can be observed this has resulted in a better winding loss prediction, with an accuracy of 90% compared to the full machine assembly. An end-winding scaling factor of 1.7 brings the estimated losses closer to that of the full machine assembly. Fig. 15 plots the transient duty cycle again, except with both models using the same end-winding length, equal to the correct value of the full machine assembly. The model calibrated with the motorette data has a temperature difference of only 0.3°C by the end of the transient duty, whereas the uncalibrated model under predicts by 35°C. It can be observed that the slot and winding thermal properties derived from the motorette samples provide an accurate representation of the full machine, even with a small inaccuracy with the end-winding length. Fig. 14 represents the true benefit of performing an experimental calibration, as an underprediction in the end-winding losses was only observed after experimental testing of the motorettes and final machine prototype. However, the motorette calibrated model was significantly closer to the thermal performance of the full machine assembly, compared to simulations made precalibration.
VIII. CONCLUSION
This paper presents an experimental approach to establish an accurate calibrated thermal model for use in the design of a distributed wound machine for a low-duty transient application. Stator segment (motorette) experiments have been used to provide experimental data to inform and calibrate a lumped parameter circuit model of the machine design.
Used solely for concentrated wound machines so far, a method to develop motorettes for a distributed wound machine has been developed. Based on rapid-prototyped models of the design, estimations of the end-winding length between slots has been found, and a winding layout for a four slot stator segment has been created which mimics the volume of winding in the final machine layout.
Experimental analysis of motorette samples was used to obtain a comparative thermal performance of different impregnation and slot liner insulation systems. The two best variants were selected for more detailed transient thermal analysis. A thermal model calibrated from steady-state and transient duty tests on the motorettes was used to estimate the thermal performance of the complete machine assembly. The motorette testing identified how the impregnation "goodness" impacted both the thermal resistance and thermal capacitance of the manufactured winding.
Thermal testing on the corresponding machine prototype demonstrates that accurate thermal parameters of the slot and winding region could be derived from the motorette tests. A small degree of inaccuracy was introduced as a result of a longer end-winding length in the realization of the distributed winding in the full machine. This could be easily compensated for by scaling an end winding loss.
Overall the experimental calibration approach illustrates the benefit of subassembly measurements as a time and costeffective means for calibrating lumped parameter thermal models used in design of electrical machines, prior to construction of a full machine prototype. This work has shown a technique can be effective for a distributing wound machine and low-duty transient operation.
